The data acquisition with Indoor Mobile Laser Scanners (IMLS) is quick, low-cost and 12 accurate for indoor 3D modeling. Besides a point cloud, an IMLS also provides the trajectory of the 
105
Reflective Surfaces: the first step after data acquisition is dealing with noise and artefacts. Often 106 these artefacts come from transparent and specular surfaces. Koch et al. [14] investigate this problem 107 to identify specular and transparent surfaces during scanning with a SLAM robot. Their goal is to 108 identify and purge the corrupted points from the data on the fly or by post-processing. The intensity 109 of the reflected laser pulse and the material of the surface (e.g., aluminum surfaces, glass, and mirror) 110 often have unique distribution for discrimination of the transparent and reflective surfaces. However,
111
the detection of transparent surfaces is more challenging because of the characteristic of the material.
112
In another study by Foster et al. [13] the authors employ both the geometry and the angle of incidence 113 between the laser and the surface during scanning. They suggest that in a particular angle of 114 incidence, specular and glass surfaces are visible to LiDAR and glass can be detected. 
169
There is a large body of literature regarding scene understanding in small-scale indoor spaces 170 such as the detection of objects in a kitchen [48, 49] for robot operation or in a bedroom [50, 51] . In 
176
Our work is innovative in terms of dealing with glass reflection problems using mobile laser 177 scanners and exploiting the potential of trajectories as a supplementary data produced by MLS 178 systems. This work can be further improved to reconstruct a complete 3D indoor model from complex 179 structures. Furthermore, the generated navigable space can be used for route planning in 2D (e.g.
180
pedestrians, wheelchair and robots) and 3D space (drones).
181

Data Collection and Preprocessing
182
The data we use in this research is captured with three different mobile laser scanner systems.
183
Each system has advantages and disadvantages in terms of mobility and accuracy. The data is 
187
According to the Hokuyo UTM 30LX specification [60] , the accuracy of the sensor in indoor 188 environments for the range between 0.1 to 10m is ±30mm, and in the range of 10 to 30m is ±50mm.
189
Backpack and handheld systems have more mobility than push-cart systems (trolley) and are able to 
Identifying the Artefacts from Reflective Surfaces
213
In addition to the noise introduced by SLAM, another source of the noise is reflective and 214 transparent surfaces such as glass and specular metals. The MLS devices that are used in our 215 experiments do not use a multi-echo sensor similar to the one is used in Koch et al [14] . In our process,
216
we exploit the trajectory and ray casting to detect these artefacts and remove them. According to [13] , 217 when a laser beam strikes a glass surface three cases will happen: 1. Most of the light (almost 92%) is 218 transmitted through the glass , 2. some light is reflected back under a specular angle, and 3. a small 219 percentage of the light is scattered. If part of the glass surface appears in the point cloud it is because 220 the incidence angle of the beam is near the perpendicular angle to the surface. Therefore, in the 221 presence of a lot of glass surfaces in environments, three types of objects would be present in the data: 2. Objects in the front of a glass surface which are reflected in the glass. In this case, the glass is 226 acting like a mirror or a specular surface. Therefore, in the point clouds a mirrored object will 227 appear exactly at the same distance from the glass and with the same size as the real object. We call these virtual objects "ghost walls". They are problematic because it could happen that the 229 whole room is mirrored to the other side of the specular surface. This artefact occurs when the 230 laser scanner is moving in a specific angle toward the glass surface, naturally the same angle that 231 we see objects in the glass. 
Separation of Building Levels and Stairs
295
The typical solution in the literature [10,37,63] for separating building levels in indoor point 296 clouds is using a height histogram of points. A level in a building is a horizontal section which 297 extends over the floor space. Using the histogram is straightforward and gives an initial separation 298 of the building levels. However, it is not applicable to buildings where a building level is extended 299 vertically in the space to other levels (see Figure 4a ) or a building with sub-levels. To overcome this 300 problem in complex architectures, we use the trajectory and first separate the trajectory to several 301 levels and staircases. If the trajectory belongs to a handheld or a backpack system, the separation 302 should be done where the operator enters the stairs. Therefore, the flat trajectory can be split from a 303 sloped trajectory on the staircase. If the trajectory belongs to a push-cart scanner, then the trajectory 304 of the levels are already separated, because the device does not move up or down the stairs.
305
To separate the levels, the process starts with the segmentation of the trajectory to the horizontal 306 and sloped segments. We use a surface growing segmentation and points on the same horizontal or 307 sloped plane will be segmented together. Figure 4b shows that the trajectory points in the upper level 308 (blue segment) belong to the same level and points on the staircases are segmented together.
309
However, this segmentation needs a modification to make sure staircases are separated correctly. For 310 example, if in the same level of the trajectory, there are several segments with a height difference of 311 fewer than two meters (see Figure 4c , the orange and purple segments in the first floor) they will be 312 merged. This is done because trajectories belonging to different levels typically have a height 313 difference more than the ceiling height (at least two meters). After separating the trajectory to meaningful building levels, for each segment in the trajectory, the associated points from the point 315 clouds will be selected using the timestamp.
316
Near the staircases, the laser scanner measures points from other levels; to modify the level of 317 these points to their correct level, we detect the two dominant horizontal planes as floor and ceiling 318 of the current level and change the label of the points to the corresponding levels. 2) E obtains the label wall-ceiling iff v1 and v2 are almost-vertical and almost-horizontal 354 respectively and the center of v2 is higher than the center of v1.
355
3) E obtains the label wall-floor iff v1 and v2 are almost-vertical and almost-horizontal 356 respectively and the center of v2 is lower than the center of v1.
357
After labeling the edges, each node in the graph will be analyzed based on the connected edges and 358 the respective labels. Three main rules are applied to each node v ϵ V to decide for the label: of vertical projection for each pair of surfaces and correction, the result is shown as the wall (green), the 390 ceiling (red) and the floor (orange). The blue object is a clutter. Angle threshold is α= 50 degrees. Notice 391 that the dormer and attached walls are labeled correctly in our method. The data is obtained from [10] . 392
In the permanent structure detection method, a ceiling or floor will be distinguished from a wall 393 by the angle threshold which is by default α= 45 degrees. By applying rules 1, 2, and 3, a slanted surface 394 could be labeled to a wall or ceiling (floor) depending on its normal angle. In our method, a slanted 
416
The following rule is applied to define the label of a node V:
417
Rule 4) V obtains the label slantedwall iff the count of wall-slantedwall edges is more than zero 418 and the count of wall-wall edges is more than zero and V is almost-vertical.
419
Since a real dataset with slanted walls from a MLS system was not available, we tested our 420 algorithm on a part of the penthouse dataset from [10] . We assumed the slanted surfaces once as the 421 non-horizontal ceiling (α = 40) and once as slanted walls (α = 50). Figure 6 demonstrates the results on a part of the penthouse building. This experiment shows the robustness of the algorithm in case 423 of non-horizontal ceiling or slanted walls.
424
In the next section, we further process the data for detecting the openings by using the trajectory 425 and applying occlusion-test. if the measured point p1 is in the front, on the surface or behind the wall surface respectively. 448
After the occlusion-test process, the results need to be further inspected to identify false The occlusion-test provides additional information about the points behind the wall surface.
464
During the occlusion-test, we flag points that are behind each surface for further inspection. Each 465 point p1 that is behind the surface s1 and is measured from t1 on the trajectory, can be a reflected point 466 or a point that is sensed through a transparent surface. In section 3.2, we explained how to identify 
Volumetric Space Partitioning
483
A voxel space is generated from the point clouds for space partitioning. Voxels are labeled with 484 the permanent structure semantics. The occupied, opening and occlusion labels (section 4.3) are 485 transferred to the voxels as occupied label. Rest of the voxels are labeled as empty (unoccupied).
486
Including the label of openings and gaps is important for space partitioning, because spaces can be 487 connected through openings (e.g. a window) or gaps (e.g. an occlusion). Therefore, the dataset that 488 is used to label voxels contains openings, occluded areas, walls, floors and ceilings.
489
After labelling the voxel space to occupied and empty, three main steps generate the spaces: 1.
490
a morphological erosion method is applied on the empty voxels. Therefore, the area covered by 491 occupied voxels will grow and empty voxels with weak connections will be separated. 2. A connected 492 component analysis is applied on selected empty voxels from the previous step to make separate clusters of empty connected voxels. Each cluster at this stage represents a space partition. 3. Then a 494 morphological dilation is applied on empty voxels, while this time empty voxels have a cluster 495 number. Consequently, the area covered by empty voxels grow while occupied voxels area is 496 shrinking. Finally, each cluster of empty voxels represents a space partition.
497
This approach has two advantages, it is volumetric and it is independent of Manhattan-World 498 constraints. However, the empty voxels that are present outside the building layout will generate 499 some invalid spaces which need further attention. In the following, we explain how to modify these 500 invalid spaces.
501
Validating Space Partitions Using the Trajectory: in case the building layout is known, for 502 example from a ground plan, it is possible to detect and remove invalid spaces generated outside the 503 building structure. However, in our pipeline, we are just relying on the geometry of the point clouds.
504
Therefore, by using the trajectory, spaces that are not traversed during the data collection will be During the space partitioning process, each space partition represents only the empty space if 525 the furniture is included in the process. We exploit this fact to generate the 3D navigable space.
526
However, including furniture can cause over-segmentation of the space because some of the furniture 527 can divide the space in the same room. In next section, we elaborate on the details of navigable space.
528
Extracting the Navigable Space
529
Having discussed how to generate space partitions, in the following, we explain how to extract 530 the navigable and walkable area out of the empty space. Each space partition represents the empty 531 space (after including the furniture space). The navigable space can be generated in different heights 532 above the floor and below the ceiling which is suitable for flying objects to navigate in the space.
533
Again, it is important that the gaps on the walls caused by the occlusion or opening are labeled as 534 occupied in the voxels to avoid misinterpretation as walkable space. Doorways which are considered 535 as openings are labeled as navigable in the final navigable space. We extract empty voxels just above 536 the floor as walkable space. In Figure 9c and 9e, the spaces are illustrated from the bottom to show 537 the carvings of the occupied spaces in the empty spaces. If some of the openings connect the spaces 538 and they are not recognized during the opening detection, as a drawback few partitions cannot be 539 split and remain as one space (e.g. the orange space in Figure 9 ). The void between the space 540 partitions is caused by furniture and permanent structure. 
Results and Evaluation
578
We tested our approach on four datasets collected with four different mobile laser scanners. The 579 details of the datasets and the scanners are given in Table 1 
608
The computation time for space partitioning is more dependent on the volume of the building and 610 
638
For reconstructing the adjacency graph, the distance for adjacency of two surface patches is less 639 than dadj < 10 cm and the minimum length of an intersection line is 20 cm. We experienced that a 640 minimum length of 20 cm in most datasets is reasonable. There is just one special case that the 641 threshold is increased to 25 cm, when the frames of doors are extended to the ceiling (e.g. glass rooms 642 in Figure 13 ). To avoid door leaves to be misclassified as wall, a minimum length of 25 cm for 643 intersection line is considered.
644
The default threshold of 45 is considered for separating the surfaces to almost-vertical and Using the trajectory to separate the levels can be error-prone in buildings with a lot of glass 704 surfaces, because objects could be seen from other levels, especially in the stair cases. However, using 705 the trajectory for the Fire Brigade building with a huge space in the first level that spans to the other 706 level is the reasonable option.
707
In the cadastre building dataset (Figure 11, 3 rd row) , the surface growing segmentation results in 708 flawed segments because of slanted glass surfaces and artefacts outside the façade (Figure 17 ).
709
Consequently, the supporting walls that are connected to the slanted glasses could not be extracted.
710
The opening detection for cadastre dataset is not performed, since the time stamp of the point clouds
711
were not available. For the space partitioning of this dataset, we use all the point clouds including 712 the furniture. Otherwise the interior space will be connected to the outside through the missing walls. The glass façade has slanted surface and artefacts which pose a problem for detecting them by surface 720 growing. The supporting walls connected to the floor are not detected by our algorithm. 721
Conclusions and Future Work
722
We presented several algorithms for the interpretation of complex indoor scenes captured 723 by a mobile laser scanner. Our work proposes a complete pipeline for classification of MLS indoor 
